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With every cardiac cycle the blood is 
sent to all the tissues of the live body 
producing changes in the pulsatile blood 
perfusion. These pulsatile changes 
which are associated with a heart beat-
ing contain valuable information about 
the parameters of the vascular blood 
pulsation: the blood pulsation amplitude 
and phase. This thesis is devoted to the 
description of a novel optical technique, 
which we called Blood Pulsation Imag-
ing (BPI). BPI allows evaluating of two-
dimensional maps of the blood pulsation 
amplitude and phase. Thereafter the 
amplitude and phase maps obtained 
by BPI technique serve to evaluate 
the spatial distribution of the pulsatile 
component of the blood perfusion which 
allowed finding new readings of compli-
cated vascular processes in a live body.
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ABSTRACT 
The non-invasive imaging technique is invaluable medical tool 
for diagnostics and monitoring of the numerous vascular and 
neurological diseases. The simple and easily available in vivo 
imaging technique can serve as a good alternative to the 
expensive and complex medical imagers, such as nowadays 
widely used MRI or PET, capable of characterization of the 
blood dynamics in a live body. 
This thesis is devoted to the description of a novel optical 
technique, which we called Blood Pulsation Imaging (BPI). The 
BPI technique exploits the photoplethysmographic imaging 
based on the processing of the video recordings of the live tissue 
in the reflectance geometry. The algorithm for the data 
processing in BPI allows evaluating of two-dimensional maps of 
key parameters of the blood pulsations: (i) the blood pulsation 
amplitude and (ii) the blood pulsation relative phase. The 
mapping of these BPI parameters can be done with the high 
spatial resolution in the large object’s areas after each cardiac 
cycle.  
The image processing in BPI technique is based on the 
amplification of those pixel values in the recorded video frames, 
which vary synchronously with each heart beat. A reference 
function required for the synchronous amplification of 
cardiovascular pulse waves can be formed from the same video 
frames, which means that the technique does not demand any 
external device for detecting of the heart beating. 
Validated experimental results presented in the thesis 
demonstrate the reliability of the blood pulsation imaging 
technique, which allowed us to apply BPI successfully to the 
study of such complicated neurological phenomena as cortical 
spreading depression in animal model of migraine and to study 
vascular phenomena in humans suffering from migraine. 
Our study of vascular dynamics in healthy adults carried 
out with BPI revealed the ambiguity of the relative phase of 
blood pulsations in human body, which was never reported 
before. 
The proposed non-invasive BPI technique is technologically 
simple and cost-effective, which makes it applicable for many 
tasks related with monitoring and diagnostics of the 
physiological parameters.  
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LIST OF ABBREVIATIONS 
2D two-dimensional  
AC alternating current 
BOLD blood oxygenation level dependent 
BPA blood pulsation amplitude 
BPI blood pulsation imaging 
BPP blood pulsation phase 
CBF cerebral blood flow  
CBV cerebral blood volume 
CMOS complementary metal-oxide-semiconductor 
CMRg1c cerebral metabolic rate of glucose 
CMRO2 cerebral metabolic rate of oxygen 
CSD cortical spreading depression 
DC direct current 
fMRI functional magnetic resonance imaging 
IRT infrared thermography 
LDF laser Doppler flowmetry 
LSC laser speckle contrast 
MRI magnetic resonance imaging 
OIS optical intrinsic signal 
PET positron emission tomography 
PPG photoplethysmography 
ROI region of interest 
SNR signal-to-noise ratio 
LIST OF SYMBOLS 
I modified image contained pulsatile component only 
RAWI unmodified image 
DCI modified image contained nonpulsatile component only 
x horizontal image coordinate 
y vertical image coordinate 
t time variable 
k number of cardiac cycle 
kR refernce function for k-cardiac cycle 
kB normalization coefficient for kR  refernce function 
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k
CT duration of k-cardiac cycle 
i imaginary unit 
kA peak-to-peak amplitude of the PPG pulse 
kS 2D correlation matrix 
kP PPG waveform within k-cardiac cycle 
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1 Introduction  
Blood is a body fluid in humans and animals that delivers 
necessary nutrients and oxygen to the cells and transports 
metabolic waste products and CO2 away. The blood is flowing 
in the body vessels of different diameter varied from 30 mm for 
arteries to 5-10 μm for capillaries.  
The skin blood flow is a perfusion of the blood in the 
peripheral capillary bed located in subcutaneous layer of the 
skin. Only few decades ago accurate quantitative measurements 
of the skin blood flow were perceived to be impossible [1] due 
to complexity of the skin structure and many parameters 
affecting the skin blood flow. Nowadays, the electronic and 
optical technology is intensively growing. The number of 
methods and techniques, allowing the study of the blood flow in 
both the skin and the other organs, is rising as well. Several 
optical techniques has been developed for non-invasive and 
non-contact blood perfusion imaging, for example, Laser 
Doppler Flowmetry (LDF) [2–9], Laser Speckle Contrast 
(LSC) [10–12], Optical Intrinsic Signals (OIS) imaging [13–17], 
Infrared Thermography (IRT) [18–23], Functional Magnetic 
Resonance Imaging (fMRI) [24–28] and Positron Emission 
Tomography (PET) [29–33] techniques. 
Photoplethysmography (PPG) is another optical technique 
which may be used for non-invasive detection of blood volume 
changes at the level of the microvascular bed [1,34,35]. The 
photoplethysmography (in Greek "photo" = light, "plethysmos" = 
increase and "graphos" = to write ) is one the earliest methods to 
study skin blood flow [36,37]. The method of PPG was offered 
by Alrick B. Hertzman in 1930th [36,38]. He recorded the PPG 
waveforms associated with both heart beatings and regular 
respiration using a simple setup comprised of only two 
optoelectronic components: a light source for illumination and a 
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photoelectric cell for registration of the light intensity 
transmitted through the body [38]. The output signal from the 
photoelectric cell is oscillating in time responding to variations 
of the skin blood volume at the site of measurement, showing 
modulation at both heartbeats and respiratory rate [35,39–42]. 
This approach is implemented nowadays in a conventional 
pulse oximeter  [43–45] for noninvasive measuring of oxygen 
saturation of the blood, which is widely used in the medical 
routine. 
The PPG devices such as pulse oximeter allow probing a 
single point at the site of measurements, which is typically a 
fingertip or an ear flap. The limitation of single point does not 
allow measuring of spatial dynamics of the blood pulsations, 
while two-dimensional (2D) blood pulsations mapping 
unambiguously provides more information about complicated 
vascular processes in the tissue. In order to overcome this 
limitation several research groups reported their progress in a 
development of an imaging system based on the reflection-
mode photoplethysmography with simultaneous illumination 
by light of two or more wavelengths  [42,46,47]. The 
measurements in these researches were based on use of a 
photosensitive matrix instead of single photodetector. 
Our research group recently proposed a method of Blood 
Pulsation Imaging (BPI), presented in Paper I and further 
described in Papers II-III. The method of BPI allowing the 
production of the PPG images from video recordings of the 
living body tissues in reflection geometry of the PPG imaging. 
The BPI is based on synchronous amplification of the pixel 
values in the recorded video frames varied in time with the 
current heart- beat rate. A reference function, required for the 
synchronous detection of cardiovascular pulsations was formed 
from the same images. The application of the BPI is presented in 
the Paper IV-V, and Paper VI presents the improved algorithm 
incorporated the BPI method. 
The main advantage of the BPI approach compare with other 
imaging techniques [2–4,10–15,28,29,34,35] is (i) the ability to 
obtain the PPG images with improved signal-to-noise ratio 
23 
 
(SNR) and (ii) unique feature of simultaneous mapping of the 
blood pulsations amplitude and relative phase for each cardiac 
cycle occurred in the investigated tissue. 
The aim of this thesis is to demonstrate the ability of the BPI 
technique to generate simultaneously both amplitude and phase 
maps of the blood pulsations within single cardiac cycle. The 
point of interest of this research is especially focused on finding 
new components of the complicated vascular processes in living 
tissues, which were demonstrated in the studies of the cortical 
spreading depression (CSD) in animal model and migraine 
disease in human. 
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2 Method of Blood 
Pulsation Imaging 
With every cardiac cycle the blood is sent to all the tissues of the 
live body producing changes in pulsatile blood perfusion. Using 
these pulsatile changes (associated with a heart beating) as a 
source of information our research group has developed the 
method of 2D mapping of microcirculation, called BPI (Blood 
Pulsation Imaging). The results of the BPI are two key 
parameters of the vascular blood pulsations: the blood pulsation 
amplitude (BPA) and phase (BPP) maps. The BPA and BPP 
maps allowed us to estimate quantitatively the spatial 
distribution of the blood pulsation amplitudes and relative 
phases within each cardiac cycle in any live body. 
2.1 METHODS OF BLOOD PERFUSION IMAGING 
A number of methods have been developed for creating the 
images representing the vascular changes in the live body. The 
most relevant imaging methods are the Laser Doppler 
Flowmetry (LDF), Laser Speckle Contrast (LSC), Optical 
Intrinsic Signals (OIS) imaging, Infrared Thermography (IRT), 
Functional Magnetic Resonance Tomography (fMRI), Positron 
Emission Tomoraphy (PET) and Photoplethysmography (PPG). 
LDF is noninvasive imaging method for monitoring the 
microcirculations of the blood in the body. The use of LDF for 
blood flow measurement in a retinal vessels in rabbits was 
presented by Riva, et al. [6] in 1972.  
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The first measurements of the skin blood flow were 
presented by Stern et al [7,8]. Stern et al used a helium-neon 
laser with power of 15 mW for illumination the skin. The light 
backscattered from the skin through a pinhole was detected by 
photomultiplier. 
The LDF is based on the measurement the Doppler shift 
induced by motion of red blood cells under illumination by 
coherent light. A laser Doppler instrument output often gives 
flux, velocity and concentration of the moving blood cells. These 
parameters are extracted from the power spectrum of the 
photocurrent fluctuations produced by reflected light 
illuminating a photodetector. 
Another imaging technique using a coherent illumination is a 
LSC. The principle of the LSC is described next. When coherent 
light scatters from a tissue, the scattered light produces an 
intensity interference random pattern called speckles. 
Considering the motion of the red blood cells within the tissue, 
the interference pattern is changed in time. These temporal 
variations, characterized by decorrelation-time of the speckles, 
can be recorded by camera [48]. If the camera exposure time is 
longer than the typical decorrelation-time of the speckle pattern, 
the speckles will be blurred in the recorded image. The level of 
blurring is quantified by the speckle contrast: the higher motion 
intensity of red blood cells results in lower speckle contrast. 
Thus, the motion of the red blood cells and their quantitative 
flow information can be obtained by measuring the spatial 
characteristics of the intensity fluctuations in the recorded 
speckle pattern [49].  
Using this approach, 2D maps of blood flow can be obtained 
by extracting the speckles intensity fluctuations. For example, 
cerebral blood flow (CBF) may be mapped by imaging the 
speckle pattern produced by cerebral tissue. 
The theoretical basis for analyzing of the speckle pattern 
fluctuations refers back to the late 1960s with the development 
of dynamic light scattering [50]. 
OIS imaging is a noninvasive neuroimaging technique 
enables visualization of the vascular dynamics in a cortex tissue. 
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The OIS imaging measures the wavelength-dependent changes 
in the light reflectance from the cortical tissue, induced by 
changes in concentration of oxygenated and deoxygenated 
hemoglobin, caused by physiological activity. The method was 
developed in 1980s [16,17] by Grinvald and co-workers. Since 
that time the OIS has been used very successfully to study 
cortical regions in animals and humans.  
The OIS technique uses appropriate stimulation of the cortex 
tissue in order to obtain better resolution of the functional 
images. OIS is probably the best technique that provides both 
spatial resolution and speed for functional mapping of the 
mammalian cortex. 
IRT technique is a non-invasive, non-contact skin surface 
temperature assessment. IRT is allowing the imaging of the 
surface radiation in the infrared range. These images are called 
thermograms. Based on thermograms one can deduce the 
temperature distribution of the object under study. 
In IRT images are produced by a thermal imaging camera. 
The thermal camera converts the invisible thermal energy to 
electrical signals generating a temperature map of the emissivity 
of the surface under study. The temperature map can be 
represented as an image coded by many colors each of which 
indicate a particular temperature. 
Skin temperature mapping by thermal imaging camera is 
utilized for evaluation of the physiological activity such as skin 
blood flow [20–23]. The skin temperature in humans is 
determined by complex interactions between heat conducted 
through skin layers, blood perfusion in the superficial and deep 
skin layers, and heat exchange with the environment at the skin 
surface, e.g. during water evaporation during sweating. In 
medicine the IRT is used for diagnostics of the peripheral 
vascular diseases [19,20].  
Infrared thermography was originally developed for military 
purposes. First medical applications IRT have a long history 
dated back to 1956 [51], although the use of IRT has increased 
dramatically in medical applications of the past decades. 
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In early 1990s [52] the imaging in vivo of regional CBF in 
brain became possible due to development of the fMRI – an MRI 
based tool for studying the human brain functions. By 
measuring blood oxygen level dependent (BOLD) [28,53,54] 
changes, fMRI detects the active parts of brain. The difference in 
magnetic susceptibility of oxygenated (diamagnetic) and 
deoxygenated (paramagnetic) blood is the basis for recording 
temporal and spatial alterations in the BOLD fMRI signal. 
During 2000s, instead of detecting its isolated active parts of the 
brain, interest was shifted to researching the connections of the 
different part of the brain, how they interact and coordinate 
with each other [55].  
PET [29,56] is another functional imaging technique which 
able to produce even a 3D image [57] of the physiological 
processes in the live body by providing quantitative maps of 
several important physiologic variables, such as regional CBF 
and cerebral blood volume (CBV), regional cerebral metabolic 
rate of oxygen (CMRO2), and regional cerebral metabolic rate of 
glucose (CMRg1c) [58]. The technique is based on the detection 
of pairs of gamma rays emitted indirectly by a positron-emitting 
radionuclide, called tracer, injected into the body on a 
biologically active molecule. 3D images of the tracer 
concentration inside the body are then reconstructed by 
computer analysis. The PET has been used in numerous studies 
of the cerebral blood flow carried out in different research 
groups [30,31,33].  
The first descriptions of PET technique were published in 
1970s [59], however, the stage of first clinical applications for 
PET was reached in only in 1991 [60]. 
The PPG technique, as mentioned in Introduction, is an 
optical method for detecting the blood perfusion. It is worth 
noting that none of the mentioned above imaging techniques 
uses a pulsatile component of the vascular dynamics as a source 
of information. In contrast, the PPG technique uses pulsatile 
component of the vascular processes as a useful signal 
eliminating other components. 
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Our BPI method takes advantage of the PPG technique to 
detect pulsatile component of the blood perfusion which 
allowed finding new readings of complicated vascular processes 
in a live body. 
2.2 DESCRIPTION OF BPI METHOD 
The BPI is noncontact optical method for the evaluation of the 
PPG images from the video recordings of living tissues using 
reflection geometry of the illuminator and digital camera, 
presented in Paper I. The principle of BPI method is based on 
the amplification of each pixel value in the video recordings of 
the live tissue synchronously with the heart beat. The BPI 
algorithm broadly includes two general steps: (i) formation of 
the reference function and (ii) calculation of the correlation 
matrices containing the information about spatial distribution of 
the amplitude and phase of the blood pulsations, BPA and BPP 
maps, respectively. A reference function, required for 
synchronous detection is calculated from the same video 
recordings of the living tissue.  
For implementation of the BPI only few optoelectronic 
components are needed: the light source for illumination of the 
tissue and a photosensitive matrix with appropriate lens 
attached, and computer for data recording and processing. 
2.2.1 Video recording 
A typical schematic setup for video recording in the reflection 
geometry for the BPI method is shown in Fig. 2.1 (a). 
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Figure 2.1 Schematic of the setup for video recording in reflection 
geometry (a) for BPI comprised of digital camera and LED illuminator 
connected through USB to computer, and polarizers P1 and P2. 
Subject's arm was placed on the support providing his/her comfort in 
motionless position. The camera sensor diagram (b) of sensitivity (from 
the camera specification). 
In our measurements the video recordings of the live tissue 
were done by a conventional digital black-and-white 8bit CMOS 
camera with attached lens in a reflection mode (with a minimal 
angle between the optical axis of the lens and illuminator). The 
diagram shown in Fig. 2.1 (b) indicates that the camera sensor is 
sensitive in the whole visible and near infrared diapason. 
The video frames with focused images of the illuminated 
tissue surface were recorded on a personal computer via the 
universal serial bus (USB) in an uncompressed image format. 
The light source was powered from another USB port, and due 
to supplying from the computer's battery this light source 
provided tissue's illumination with very stable light intensity.  
The frame rate of video recording was defined depending on 
the heart rate frequency in the subject which is typically in the 
range 0.7 – 1.5 Hz in human. Considering at least 7 recorded 
frames/cardiac cycle required for BPI, the recording frame rate is 
to be in the range 5 – 11 Hz. We used the camera that supporting 
the frame rate 10 – 60 frames per second (fps) depending on the 
frame resolution. 
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To illuminate the subject we used light-emitting diode (LED). 
The LED based illuminator provided uniform illumination of 
the tissue area. During video recording the lens diaphragm and 
the camera exposure time were adjusted so that the recorded 
frames did not contain saturated pixels (the maximum pixel 
value is 255 for 8-bit camera) but were as high as possible. 
During the experiment, the ambient illumination was much 
lower than that provided by the illuminator. 
As is described in the Paper II-III the illuminating light was 
linearly polarized by means of a polarizer P1 (Fig. 2.1) attached 
to the illuminator. The polarizer P2 was attached to the camera 
lens so that its transmission axis was oriented orthogonal to the 
polarization vector of the illuminating light. By using crossed 
polarizations we reject the light reflected from the skin surface-
air interface. 
During video recording the tissue under study is to be to 
highest degree possible motionless to minimize the unwanted 
contribution of motion artifacts to BPI parameters. To this end 
we used different supporting systems depending on the 
measured subject (human body parts or animal): custom sponge 
support for human arm [Paper II-III, VI], ophthalmological 
head support for face measurements [Paper IV] and stereotaxis 
for animal measurements [Paper V]. 
It is worth noting that the accidental motions of subject’s 
tissue (palm or face skin) is typically presented during the video 
recordings. These motions are evoked by autonomic nervous 
system even when the subject is relaxed. In order to compensate 
this accidental motion of subject’s tissue, we applied the custom 
algorithm of motion compensation to the video recordings of 
the tissue [Paper II]. The algorithm was working as following. 
The whole recorded frame was divided into few tiles aiming to 
detect the possible motion by comparison of the mean gradient 
of the pixel values within each tile starting from the first frame 
of each cardiac cycle. Once the motion of any tile has been 
detected, we stabilized exactly the area within the detected tile, 
while the surrounding area remained motionless and hence not 
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modified. We applied the motion compensator to the recorded 
video frames before process them by BPI method. 
It is known [61], physiological processes of the blood 
pulsations lead to modulation in time of fractional blood 
volume at the heart rate frequency. The light penetrated into the 
tissue is partially absorbed by the blood cells flowing in the 
vasculature of the tissue. The amount of the absorbed light is 
proportional to the number of the blood cells so that increasing 
of the blood volume leads to higher light absorption. Therefore, 
modulation of the blood volume results in the absorption 
modulation of the light penetrated into the tissue, which leads 
to the intensity modulation of light reflected from a subject 
tissue. Therefore, value of pixels with the same spatial 
coordinates ),( yx  in the sequence of recorded video frames is 
also modulated in time with the heart rate frequency, which can 
be represented as a PPG waveform shown in Fig. 2.2. The pixel 
values modulation with heart rate frequency was confirmed in 
various experiments including measurements carried out with 
digital cameras in the reflection mode [46,47]. 
 
Figure 2.2 Schematic view of the recorded frames with subject image 
and the PPG waveform (blue line). 
In turn, the temporal modulation of the pixel values of the 
sequence of the recorded video frames contains both pulsatile 
and nonpulsatile components. Pulsatile component is the 
modulation of the pixel values with a heart rate frequency (AC), 
which is a PPG waveform (Fig. 2.2), while nonpulsatile relates to 
the lower frequency modulations (DC) associated with 
respiration process and autonomous nervous system [34,39]. 
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The respiration process contributes to the nonpulsatile 
component by the regular displacement of the tissue [47] or by 
temporal variation of the blood oxygenation [46], where both 
occur with the respiration rate frequency. The unintentional 
slow movements of the subject provoked by autonomous 
nervous system also contribute to the nonpulsatile component 
of the pixel values modulation in the recorded video frames. 
Before applying the BPI algorithm to the video frames we 
substitute their pixel values with ones that contained only 
pulsatile component remained. Each pixel value in the recorded 
frames sequence were modified according to 
1
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where ),,( tyxI  is the normalized spatio-temporal distribution of 
the pixel values within a cardiac cycle with only pulsatile 
component of the reflected light intensity; ),,( tyxIRAW  is the 
spatio-temporal distribution with both pulsatile and 
nonpulsatile modulations of the pixel values; ),,( tyxIDC  is spatio-
temporal distribution with only slowly varied nonpulsatile 
component. The resulted values of ),,( tyxI  are alternating-sign 
with temporal mean equal to zero. Afterwards the spatio-
temporal distribution ),,( tyxI  was processed by the BPI method. 
2.2.2 Generation of the reference function 
The reference function required for the synchronous 
amplification in the BPI method is a function, modulated at the 
heart rate frequency, defined for each cardiac cycle. The 
reference function is formed based on the PPG waveform 
measured from the subject video recordings. The special 
attention was paid to the choice of the region of interest (ROI) 
for the extracting of the PPG signal. This ROI is the region of the 
subject tissue in the video frames, which is called here reference 
area. Thus, the generation of the reference function involves two 
steps: (i) choice of the reference area and (ii) formation of the 
34 
 
reference function from the PPG waveform measured from the 
reference area. 
For the choice of the reference area we calculate preliminary 
BPA and BPP (described in Paper I) with the sinusoidal 
reference function defined from the PPG waveform measured 
within large (~ 50 % of the whole subject) reference area. An 
example of typical BPA and BPP maps is shown in Fig. 2.3.  
 
Figure 2.3 BPA (a) and BPP (b) maps calculated during single cardiac 
cycle obtained by preliminary BPI with the use of the sinusoidal 
reference function formed from reference area situated in the center of 
the subject (dotted line). The ROI (red square) is used as a reference 
area for final BPI processing. 
As one can see both the amplitudes and phases of the blood 
pulsations are distributed non-uniformly over the subject's area, 
which is reported in Paper I-VI. The uneven amplitude 
distribution was also observed by other researches [46,47]. The 
non-uniformity of the BPP map means that the blood is supplied 
asynchronously to different areas of the subject. This is 
explained by the intricacies of the vascular system resulting in 
non-uniform and asynchronous blood supplying of different 
parts of the tissue in the subject, detected by BPI. 
The tissue areas with higher blood pulsation amplitude and 
uniform spatial phase distribution were considered for the 
choice of the reference area position and size. On the one hand, 
the reference area should be of small size to exclude an 
interference of adjacent zones with the higher phase difference 
(> 100°), because it can result in incorrect estimation of the 
cardiac cycle duration. On the other hand, time-varying 
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modulation of pixel values is very small (typically, less than one 
per cent of the pixel value in the recorded video frames), which 
requires data averaging over large number of pixels to increase 
SNR of the pulsatile component. Therefore, the size of the 
reference area (Fig. 2.3 by red square) does not exceed the 
minimal size of the area with the uniform phase distribution in 
the BPP map. 
Afterwards, we evaluated the PPG waveform from video 
recordings within the chosen reference area, which were used 
for formation of the sinusoidal reference function. The sinusoid 
waveform for reference function was chosen due to the heart 
beating is periodical process which phase and amplitude is well 
approximated by this trigonometric function. Schematic of 
formation of the sinusoidal reference function is shown in Fig. 
2.4. The blue curve is the PPG waveform from the chosen 
reference area. Blue circles show the beginning and the end of 
each cardiac cycle, with temporal coordinates, kt0  and kCt , 
respectively. Duration kCT  is typically varying for each cardiac 
cycle, which is shown by its particular magnitude above the 
graph. Here k is a sequential number of the cardiac cycle.  
 
Figure 2.4 PPG waveform (blue lines) measured in the reference area 
overlapped with the real part of the sinusoidal reference function (red 
lines) for each cardiac pulse. The duration kCT  of each cycle is indicated 
on the top. The BPA and )(tRk  are measured as the percent of the 
nonpulsatile modulations ),,( tyxIDC . 
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The real part of the reference function )(tRk  was defined so 
that its minima coincide with the beginning and end of each 
cardiac cycle. The imaginary part was just 90°-phase shifted 
from the real part. Therefore, the reference function of the k- 
cardiac cycle is a complex valued defined as: 
 )/2sin()/2cos()( kC
k
C
kk TtiTtBtR   ,  (2.2) 
where t  is time, kB  is the normalization coefficient defined 
separately for each cardiac cycle from the condition that the 
convolution of the PPG waveform )(tPk with the respective 
reference function should be equal to the peak-to-peak 
amplitude of )(tPk : 
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where kA  is the peak-to-peak amplitude of the k-cycle of the 
PPG waveform, and summation is done over the cycle duration. 
As one can see in Fig. 2.4 the reference function values, )(tRk , 
are larger than BPA values as a result of the normalization 
described by Eq. (2.3). Note that both )(tRk  and )(tPk  are the 
alternating-sign functions with their mean equal to zero since 
)(tPk  represents only the pulsatile component of the light 
reflected from the subject. More detailed description of the 
generation of the reference function based on the PPG 
waveform within the reference area is presented in the Paper 
VI. 
2.2.3 Synchronous detection in the BPI 
During BPI the detection of the pixel values variation in the 
recorded video frames synchronously with the reference 
function )(tRk  defined from Eq. (2.2) allowed us to calculate a 
correlation matrix for k-cardiac cycle, which is defined as 
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According to Eq. (2.4), the matrix ),( yxS k  is approximately 
equal to the cross-correlation function of the reference )(tRk  and 
the temporal pixel values modulations in the video recordings 
of the subject. The correlation matrix )(tS k  is complex valued 
owing to complexity of the )(tRk  [see Eq. (2.2)].  
Since the correlation matrix ),( yxS k  is complex valued, its 
modulus describes the spatial distribution of blood pulsation 
amplitude (i.e. BPA map), while the argument of the matrix 
values corresponds to the relative phase distribution of blood 
pulsations (BPP maps). The values of the BPA maps represent 
the amplitudes of the pixels variations in ),,( tyxI  (Eq. 2.1), 
measured in per cent of values in ),,( tyxIRAW . The values of the 
BPP maps represent the time difference in reaching the 
maximum during the modulation of pixel value with 
coordinates ),( yx  and the reference area. Values of BPP maps 
are presented in degrees after normalization of the time 
difference with the duration of the cardiac cycle. 
One can find more detailed description of the synchronous 
detection in BPI in the Paper VI. 
2.3 RESULTS OF BLOOD PULSATION IMAGING 
By using the reference function defined in Eq. 2.2 we calculated 
the correlation matrices ),( yxS k for each cardiac cycle observed 
during the video recording of the subject's tissue. An example of 
both BPA and BPP maps obtained from the correlation matrix 
for arbitrary chosen cardiac cycle of subject's palm is shown in 
Fig. 2.5. The reference area for extracting the PPG waveform 
used for generation of a reference function was chosen within 
the red square. Note that the phase distribution of blood 
pulsations in BPP maps in Fig. 2.5 (b) is shown relatively to the 
phase of blood pulsations in the reference area. 
38 
 
  
Figure 2.5 BPA (a) and BPP (b) maps calculated during single cardiac 
cycle obtained by BPI calculated with the use of the sinusoidal 
reference function formed from reference area defined in preliminary 
BPI. 
2.3.1 Blood pulsation amplitude maps 
The BPA map obtained by BPI for each cardiac cycle is a spatial 
distribution of the blood pulsation amplitudes across the subject. 
Considering the auto-correlation approach used in the BPI for 
calculating the correlation matrix for each cardiac cycle, the BPA 
maps represents the correlation of the reference function )(tRk  
and the temporal pixel values modulation in the recorded video 
frames.  
Each pixels value in the BPA map represents the amplitude 
of the pixel variations in the spatio-temporal distribution 
),,( tyxI k , measured as per cent of values in ),,( tyxI kRAW  defined in 
Eq. (2.1). 
2.3.2 Blood pulsation phase maps 
The BPP map evaluated by BPI method for each cardiac cycle 
represents the pulsation phase distribution across the subject 
relatively to the phase in the reference area. 
Each pixels value in the BPP map represents the phase of the 
pixels variations in the spatio-temporal distribution ),,( tyxI k  
relatively to the phase in the reference area. The BPP values are 
in degrees in the range -180° to 180°. 
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2.4 VALIDATION OF BLOOD PULSATION IMAGING 
The validation BPI method is done to demonstrate the adequacy 
of the measured amplitudes and phases of the blood pulsation 
maps.  
As we do not know the alternative technique for measuring 
the relative phase of the blood pulsations, we used the PPG 
waveform for estimation of the pulsation phase for each cardiac 
cycle, measured from different parts of the subject. Then we 
used the phase estimated from PPG waveform as a criterion for 
correct evaluation of the BPP mapping. To this end we 
evaluated the PPG waveform from few ROIs of the same size as 
the reference area placed in different parts of the subject with 
higher pulsation amplitude in the BPA map and uniform spatial 
distribution of the phase in the BPP map. The positions of such 
ROIs are shown in Fig. 2.6 using BPP map.  
 
Figure 2.6 BPP map (a) with ROIs 1-3 marked by the squares; ROI-1 
corresponds to the reference area; measured PPG waveforms (b), (c) 
within ROI-1 (blue trace) and ROIs 2-3 (red traces). 
First, we estimated the duration of each cardiac cycle from 
the PPG waveform in Fig. 2.6. (b), (c) measured within the 
reference area corresponded to ROI-1 in Fig. 2.6 (a). The 
duration was estimated as a time interval between two 
consecutive minima of the PPG waveform. Second, we 
evaluated the phase within each cardiac cycle as a time 
difference between the maxima of both waveforms [blue and 
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red curves in Fig. 2.6 (b), (c)] divided by the duration of each 
cardiac cycle estimated earlier. The resulted phase was 
recalculated to degrees.  
The diagram of the relative phase averaged in time over 60 
cardiac cycles within ROIs 2-3 [Fig. 2.6 (a)] is shown in Fig. 2.7. 
The resulted relative phases are obtained relative to the 
reference area of ROI-1 [Fig. 2.6 (a)]. 
 
Figure 2.7 Phase diagram of 60 cardiac cycles averaged in time. 
Relative phases measured from PPG waveforms (green) and BPP maps 
(blue) within ROIs 2-3 obtained by BPI based on sinusoidal reference 
function. The standard deviation (STD) of the average phase 
evaluation is shown by grey vertical lines. 
The ROIs 2-3 are chosen within an area, on the one hand, 
with higher pulsation amplitude and, on the other hand, with 
uniform phase distribution. The size of each ROI was 10 × 10 
pixels. In the phase diagrams green and blue bars represent the 
averaged in time of 60 cardiac cycles relative phase obtained 
from PPG waveforms and BPP maps based on the sinusoidal 
reference function within the same ROIs. The PPG waveform 
within ROI-1 is shown in Fig. 2.6 (b, c) by blue line, while the 
PPG waveform averaged within ROIs 2-3 is shown in by the red 
line. 
As one can see, the relative phases evaluated from the PPG 
waveform and BPP mapping within each ROI coincide inside 
the STD range and the difference between them did not exceed 
15° which is equal to an accuracy of the phase measurements 
provided by video recording at 25 fps (in the measurements of 
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the demonstrated subject), considering the heart rate 60 
beats/minute. Thus, the results of evaluation of relative phase of 
blood pulsations by PPG waveform and BPP mapping (in BPI) 
indicate the adequacy of the BPP mapping. 
We used the same PPG waveforms as a criterion of the 
reliable BPA mapping by BPI. The peak-to-peak pulsation 
amplitude kA  used in Eq. (2.3) was evaluated within each 
cardiac cycle of the same PPG waveform used earlier for 
evaluation of the relative phase. From the BPA maps we 
calculated the amplitude values as a spatially averaged BPA 
within each ROI. The amplitude diagrams (similar to one in Fig. 
2.7) of averaged BPA and kA  over time of 60 cardiac cycles are 
shown in Fig. 2.8. 
 
Figure 2.8 Amplitude diagram of averaged in time of 60 cardiac cycles 
BPA measured from PPG waveforms (green) and BPA maps (blue) 
within ROIs 2-3 obtained by BPI based on sinusoidal reference 
function. The STD of the average amplitude evaluation is shown by 
grey vertical lines. 
We compared the evaluated pulsation amplitudes from the 
PPG waveforms and BPA maps within the ROIs 2-3 [Fig. 2.8]. 
Note, that in this diagram the units in the BPA scale are 
substituted from "percent" as in Fig. 2.3 and 2.6 to "a.u." in order 
to avoid confusion while making relative amplitudes 
comparison which is also in percent. 
As one can see, the pulsation amplitudes evaluated from the 
PPG waveform and BPA mapping within each ROI coincide 
inside the STD range. The difference between average 
amplitudes obtained from PPG waveform and BPA mapping 
did not exceed 15 %. These estimates indicate adequate 
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evaluation of the pulsation amplitude during BPA mapping 
done by BPI technique. 
In measurements of Paper II we estimate the SNR of the BPA 
mapping. To this end a piece of the cardboard was placed as an 
inanimate reference so that the resulted video recordings 
contained images of both live subject and cardboard. The 
obtained video recording was processed by BPI technique. The 
amplitude values from the calculated BPA maps from the live 
subject area were considered as signal, while the BPA values 
from the cardboard were considered as a noise. The SNR was 
calculated not for the whole area of the recorded tissue but only 
for BPA values within subject's areas with higher amplitudes 
and uniform phase. The estimated SNR for BPA mapping of the 
human palm was typically more then 5, as is reported in the 
Paper II. 
2.5 RELAIBILITY OF BLOOD PULSATION IMAGING 
In our recent Paper VI we have shown, for the first time, the 
diversity of the PPG waveforms in the same subject. The finding 
of this diversity was possible by use of both the BPA and BPP 
mapping, shown in Fig. 2.9 for randomly chosen cardiac cycle, 
provided by BPI technique.  
 
Figure 2.9 BPA (a) and BPP (b) map for random cardiac cycle based 
on the sinusoidal reference function obtained from the PPG waveform 
measured within ROI-1 marked by square.  
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Three typical temporal shapes of the PPG waveform 
measured within ROIs 1-3 in Fig. 2.9 are shown in Fig. 2.10. 
These shapes were obtained by special averaging the pixel 
values of the video frames within the ROIs 1-3 located in areas 
with higher amplitude of blood pulsations. Positions of chosen 
ROIs are marked by the squares in Fig. 2.9. ROI-1 and ROI-2 
were placed in the areas with asynchronous blood pulsations.  
 
Figure 2.10 PPG signals measured from different ROIs, characterized 
by (a) slow and (b) fast systole-to-diastole transition, and (c) 
approximately equal systole-to-diastole and diastole-to-systole 
transitions. 
Maximal and minimal values of the PPG waveforms in Fig. 
2.10 obtained in the reflection mode of the experiment are 
associated with the diastole and systole phases of the vascular 
system, respectively [42,47]. Considering this, the PPG 
waveform in Fig. 2.10 (a) is characterized by the slower systole-
to-diastole transition. This slow type of the PPG waveform was 
also observed in the photoplethysmography reports [42,47]. It is 
noteworthy that Fig. 2.10 represents the light intensity which is 
inversely proportional to the blood pressure: the larger blood 
volume results in the higher absorption of light by the blood 
cells [34] and hence the smaller intensity of the backscattered 
light detected by digital camera. Thus, the increase of the blood 
pressure leads to the decrease in PPG waveform.  
The PPG waveforms similar to measured within ROI-1 were 
observed in a larger area of the subject's tissue. However, an 
inversed PPG waveform with the sharp systole-to-diastole 
transition, fast type, shown in Fig. 2.10 (b) was observed in areas 
with asynchronous blood pulsations, which are visualized in the 
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BPP map in Fig. 2.9 (b). The fast type of the PPG waveform 
coexisted with traditional slow one was never observed before. 
Additionally, there is third type of the PPG waveform shown in 
Fig. 2.10 (c) in which the waveform has relatively symmetrical 
shape. 
Considering the diversity of the PPG waveforms, mapping of 
the relative phase of blood pulsations (BPP) may depend on the 
shape of the reference function. In the Paper VI we 
demonstrated that the diversity of the PPG pulse shapes 
requires the use of the reference functions of different shapes in 
the BPI, for example, sinusoidal and triangular, for most reliable 
results. Moreover, as it is seen in the Fig. 2.6 of the Chapter 2.4 
the time difference between the moments of reaching the 
diastole phase in ROI-1 and ROI-3 (measured between the 
positions of the maxima in blue and red curves) is not the same 
as for the systole phase (between the positions of minima). 
Therefore, we revealed two types of the relative phase 
difference: for the diastole and systole, denoted here as D- and 
S-types. Thus, the reference function evaluated for the cardiac 
cycle defined by the minima of the PPG waveform is denoted as 
a reference function of D-type. Similarly, the cardiac cycle 
defined by the maxima of the PPG waveform results in a 
reference function of S-type. These two types of the relative 
phase, diastole and systole, should be separately compared with 
the phase difference calculated by BPI algorithm with D- and S-
types reference functions, respectively. 
In order to separately compare the results of the BPI based on 
sinusoidal and triangular shapes of the reference functions of D- 
and S-types we used four different reference functions denoted 
as )(sin tR jD , )(tR jDtri , )(sin tRkS , and )(tRkStri , respectively. The detailed 
description of the formation of each type and shape of reference 
function is presented in Paper VI. 
Using the BPI algorithm, based on sinusoidal and triangular 
reference functions of D- and S-type defined in Eq. (1), (3), (6), 
and (8) of Paper VI, respectively, we calculated the correlation 
matrices by Eq. (11), (12), and (13) of Paper VI and evaluated the 
BPA and BPP maps. 
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Examples of BPA and BPP maps, for arbitrary chosen cardiac 
cycle, obtained by BPI based on four reference functions, )(sin tR jD , 
)(sin tR
k
S , )(tR jDtri , and )(tRkStri , are shown in Fig. 2.11. 
 
Figure 2.11 BPA (a)-(d) and BPP (e)-(h) maps for single cardiac cycle 
based on sinusoidal and triangular reference functions of D- and S-
types obtained from PPG waveform within ROI-1 (marked by 
rectangle). (Originally from Paper VI) 
The reference area served for generation of the reference 
function is highlighted by ROI-1 (Fig. 2.11). Note that the phase 
distribution of blood pulsations in the BPP maps is shown 
relatively to the spatially averaged phase of blood pulsations in 
the reference area (ROI-1). 
One can notice the differences between the BPA and BPP 
maps based on different reference functions. The most 
pronounced differences are indicated by red and blue arrows in 
BPA and BPP maps, respectively. For example, in the top left 
corner of Fig. 2.11 (a), (c) one can see the elevated amplitude, 
which is wider and longer in Fig. 2.11 (b), (d). In contrast, the 
bright spot in the lower left corner in Fig. 2.11 (c) completely 
disappears. In BPP maps one can observe not only variations of 
the relative phase values (coded by different colors), but also a 
change of the regional phase distribution in the area marked by 
the blue arrow. 
According to the reports devoted to photoplethysmography 
the PPG waveform is influenced by such factors as respiration 
process and body activities under control of sympathetic 
nervous system  [34,39]. Traditionally observed shape of the 
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PPG waveforms is characterized by slow transition time from 
the systole to diastole of the vascular system [42,47]. By using 
the BPI technique we have observed for the first time the regions 
in healthy adult subjects at rest in which the PPG waveform has 
an inverted shape, characterized by fast systole-to-diastole 
transition, which co-exists with the traditional slow type in all 
studied subjects tissues. This finding indicates the ambiguity of 
the measurements of spatial distribution of the blood pulsation 
phase. 
The theoretical explanation for co-existence of slow and fast 
transition types of the PPG waveforms is the natural prevalence 
of the vascular tone (i.e. constricted state of the vessels) 
controlled by the sympathetic nerve activity [62] resulting in the 
slow increase in PPG waveforms observed traditionally. In 
contrast, in fewer regions this tone could be attenuated resulting 
in fast increase in the PPGs. The fast-type signals potentially can 
serve as a new biomarker of the vascular pathologies by 
detecting the presence or absence of the areas of the tissue with 
the fast-type PPG waveforms, indicating normal or pathological 
state of the vasculature, respectively.  
The latest algorithm of the BPI presented in the Paper VI 
includes proper choice of the reference area and synchronous 
detection of the blood pulsations with two types of shape of the 
reference functions, defined for the systole and diastole of the 
vascular system. The collating of the BPP mapping using the BPI 
algorithm with sinusoidal and triangular reference functions of 
D- and S- types revealed that there is no universal reference 
function applicable to reliable pulsation phase mapping in all 
subject's areas. Statistically, )(sin tR jD  reference provides more 
reliable BPP mapping for the diastole phase, while 
)(tRkStri reference results in more reliable calculations for the 
systole phase. The pulsation amplitude mapping using these 
reference functions provides reliable result in both cases.  
47 
 
 
3 Applications of Blood 
Pulsation Imaging 
3.1 BLOOD PULSATIONS IMAGING OF CSD IN RATS 
Cortical spreading depression (CSD) is a complicated and well 
reproducible reaction of the gray matter of the central nervous 
system on electrical, chemical or mechanical stimuli [13,63,64]. 
From the numerous papers the CSD is characterized as a slowly 
propagating wave associated with a depression of the neuronal 
bioelectrical activity in the cortex of the brain during time of few 
minutes [13,63,65–67]. Typically the CSD wave propagation is a 
concentric spreading from the stimulated site to the periphery at 
the speed 3-5 mm/min [13,67,68].  
The electrical activity of the CSD spreading is associated with 
the ionic changes in the brain tissue. It is characterized as a 
varied negative potential with amplitude of 10-30 mV. During 
extra- and intracellular depolarization in the CSD event there is 
a significant change of ions distribution with K+ and H+ release 
from the cells, while Na+, Ca2+ and Cl- are combined with 
water [69–71] resulting in cells swelling and reducing of the 
extracellular spacing. CSD event is accompanied by increased 
glucose and oxygen consumption [72]. 
The CSD was discovered by Leao in 1944 [65] and since that 
time enormous number of researches of this complicated 
phenomenon has been done. CSD is a highly reproducible 
response of the cortex to different stimuli [68]. However the 
pathophysiological mechanism of the CSD remains unknown.  
Considering the clinical aspect of CSD, in the past decades 
the attentions to studies of spreading depression was increased 
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a lot. Such an interest is due to CSD is assumed to be 
accompanied process in such common diseases as migraine with 
aura, epilepsy, and ischemic stroke [66,73–75]. 
3.1.1 CSD observation by different techniques 
Nowadays detection and characterization of the CSD is done by 
means of different nonimaging techniques such as 
electroencephalogram [65] and cortical direct current 
potential [76]. The imaging techniques, capable of detection and 
characterization of CSD, involve the OIS imaging, LSC, LDF, 
and BOLD fMRI. The brief description of each technique was 
presented earlier in Chapter 2.1.  
These techniques measure different parameters of the CSD, 
associated with cerebral hemodynamic. For example, OIS 
imaging reveals changes in cerebral blood volume (CBV) by 
measuring cortical reflectance changes. The reflectance changes 
induced by CSD are of larger amplitude and thus sufficient for 
detection of CSD waves [67,77].  
The imaging techniques with coherent illumination such as 
LSC and LDF characterize the cerebral blood flow (CBF) by 
measuring the speed of the red blood cells. The CBF variations 
are associated with CSD as a brief and rapid increase of the CBF 
detected by LSC or LDF [49,78]. 
The modality of magnetic resonance imaging BOLD fMRI 
detects the parameter proportionally varied with the blood 
oxygenation, reflecting the balance between the oxygen delivery 
and oxygen consumption [79]. Detecting of CSD event results in 
increasing of the BOLD fMRI signal intensity [80]. 
It is worth noting that all mentioned techniques for detecting 
of the CSD, namely, nonimaging methods of 
electroencephalogram and cortical direct current potential, and 
imaging OIS, LSC/LDF and BOLD fMRI techniques, are based 
on the measurement of nonpulsatile components of the 
spreading depression. The source of incoming information for 
these techniques is a nonpulsatile components of the signal 
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associated with CSD. Therefore, we suggest the BPI as a 
technique for visualization and characterization of the pulsatile 
vascular component of the CSD events, which produces the BPA 
and BPP mapping of high spatial and temporal resolution after 
each cardiac cycle. 
3.1.2 Setup for CSD observation by BPI technique 
The CSD observation by BPI is done in the animal model 
(Male Wistar rats 12-14 weeks old). The optical setup was 
assembled in reflection geometry of the digital camera and 
illuminator. The details of the whole setup of optical elements, 
video and local field potential (LFP) recordings, and the animal 
unit and preparation are described in the Paper V. The 
schematic layout of the experimental setup for video and LFP 
recordings is shown in Fig. 3.1.  
For LFP recordings two insulated tungsten 50-μm diameter 
electrodes were implanted into the left and right anterior cortex. 
The data from electrodes was recorded to the personal computer 
by the LFP controller (Fig. 3.1) 
Considering the heart rate frequency of the rat under 
anesthesia was about 6-7 Hz, which was measured in additional 
experiment, the frame rate of the camera was set to 60 Hz 
providing around 10 recorded frames per cardiac cycle, required 
for BPI. 
Thereafter, the data processing of the recorded frames by BPI 
was done. The specification of the data processing parameters of 
the BPI is presented in Paper V. 
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Figure 3.1 (a) Layout of the experimental setup with blood pulsation 
imaging of the rat cortex: P1, P2—polarizers, E1, E2—local field 
potential (LFP) electrodes, implanted into the right and left 
hemispheres, LED—light emitting diode (λ = 920 nm). (b) Schematic 
view of the rat head with overlaid raw camera image showing the KCl-
application site and the location of the LFP electrodes E1, E2. 
(Originally from Paper V) 
3.1.3 Results of CSD observation 
In this study we used OIS imaging for processing the same 
recorded frames. The OIS imaging allowed us to estimate the 
correlation between the 2D distribution of CBV dynamics [67] 
and pulsatile components represented in the BPA maps of the 
rat's cortex within each cardiac cycle. The examples of the 
resulted OIS images and BPA maps are shown in Fig. 3.2 as 
sequences of images associated with one of the CSD event time 
interval.  
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Figure 3.2 Comparison of BPI and OIS images during CSD wave 
propagation the rat's cortex from the KCl application site marked by 
the red square: (a) blood pulsation amplitude (BPA) maps; (b) 
difference of the OIS images calculated for the same time moments; (c) 
constrictive; and (d) dilative CBV components of OIS images. 
Numbers above the columns indicate the time in seconds from the 
moment of KCl application. The actual size of presented BPA maps 
and OIS images corresponds to 15 × 15 mm2. (Originally from Paper 
V) 
The same CSD event was observed in both types of the 
images differently: as a concentric spreading in the OIS images 
[Fig. 3.2 (b)-(d)] and as a migration along bow-shaped trajectory 
of the spot of increased pulsation amplitudes in the maps BPA 
maps [Fig. 3.2 (a)].  
The LFP recording was done simultaneously with the video 
recordings. Hence the temporal variations of the LFP data, 
characterized the neuronal component of the CSD process was 
also considered to collate the CSD wave dynamics revealed by 
the BPI and OIS methods with LFPs electrophysiological 
recordings. The time traces extracted from the OIS images and 
BPI maps within ROIs placed along the trajectory of the CSD 
wave corresponding to each imaging technique are shown in Fig. 
3.3. 
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Figure 3.3 Schematic view of the animal’s head (a) with overlaid 
averaged BPA map of the rat's cortex with regions of interest (ROIs) 
placed along the BPA-wave trajectory. An OIS image (b) of the same 
rat with ROIs placed along the trajectory of the CBV component. Blue 
lines, BPA time-traces (c) from ROIs #1-4 shown in the part (a). Red 
lines, OIS time-traces (d) from ROIs #1-4 shown in the part (b). LFP 
time-traces (black lines) are shown at the top of (c) and (d). The size of 
BPA map and OIS image corresponds to 15 × 15 mm2. (Originally 
from Paper V) 
From these traces we estimated a time elapsed for traveling 
of the CSD wave along its trajectory. From the OIS and BPA 
images we estimated the length of the trajectories corresponded 
to each imaging technique. The ratio of the length and time 
immediately resulted in a speed of the CSD wave propagation 
for OIS and BPI techniques. The corresponding speed diagrams 
are shown in Fig. 6 of Paper V. The typical speed of the pulsatile 
vascular component detected by BPI was 40 % higher than to 
speed of nonpulsatile component revealed by OIS imaging.  
Unless the BPP mapping was also suitable for detecting the 
CSD event in the rat's open cortex, we observed that there was 
no significant pulsation phase variation (up to 8 times smaller 
than pulsation amplitude variation in the BPA mapping) 
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associated with a CSD event. Moreover, we did not observe 
serious difference between the BPP map values of the left and 
right brain hemispheres of the rat's cortex either before or after 
CSD event, which is typical for related disease such as migraine, 
presented in Paper IV. 
The BPI and OIS discrepancy observed in the obtained 
images indicates the essential role of the pulsatile component of 
the CSD phenomenon measured by BPI technique. It is worth to 
note that this pulsatile component is invisible with other 
imaging techniques. Therefore, the obtained results is a new 
reading of the CSD phenomenon which is implicated in several 
major neurological pathologies such as migraine, stroke, and 
brain trauma. 
3.2 BLOOD PULSATIONS IMAGING IN MIGRAINE 
Migraine is one of the most common neurological disease in the 
world with complex and still mainly unclear mechanism [81,82]. 
The statistics of migraine spreading makes that disease a public 
health problem: in total 8% men and 17% women suffer from 
migraine in Europe [83].  
The straight economical and social consequences of migraine 
which can last up to few days are the lost or restriction of the 
productivity of the patients due to work absence or lower 
efficiency when working during migraine attack. Thus, migraine 
is characterized as one of the most disabling neurological 
disease resulting in enormous state and patient expenses. 
Although the migraine study has a significant progress, 
including the development of medication for reducing effects or 
intensity of migraine headache, drug therapy remains 
ineffective for many patients. 
The migraine disorder is divided in two general types: 
migraine with and without aura. Aura is visual hallucination 
observed as arc of shining or crenellated shapes over 5–20 min 
usually followed by headache [79]. These transient neurological 
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symptoms of aura are observed in around 20 % of 
migraineurs  [79,81,84]. Migraine attack typically accompanied 
by severe headache during 4 – 72 hours with weakness, nausea, 
phono- and photophobia is identified as migraine without 
aura  [81,85]. 
The contribution of the vascular system to migraine was 
assumed in early researches of this disease [86]. However it still 
remains under discussion [41]. The unilateral character of the 
pain during migraine attack was suggested [87] as a typical 
criterion of migraine pathology. The asymmetrical functioning 
of vasculature was already observed in migraineurs in the 
past [86]. Asymmetry in the sympathetic skin responses was 
also found in the headache-free period in unilateral migraineurs 
[13], supporting the impairment of sympathetic control in the 
face. 
3.2.1 Setup for facial blood perfusion imaging 
In order to find new biomarkers of migraine we carried out 
the BPI measurements of the human face in migraineurs 
described in Paper IV. The obtained maps of the BPA and BPP 
were used for comparison of the symmetry of the characteristics 
of the blood pulsation across the facial area. The measurements 
were done in 38 woman divided in three groups: migraine 
patient (MP), healthy subjects with (FH) and without (HS) a 
family history of migraine. 
The experimental setup for face video recordings is shown in 
Fig. 3.4. 
The facial area of a subject was illuminated by a system of 
two similar light-emitting diodes (LED) of the model H2A3-530 
by Roithner LaserTechnick, operating at a wavelength of 530 nm. 
The optical power of both LEDs was 60 mW, providing an 
illuminated area of 30 × 60 cm2 at a distance between the subject 
face and video cameras, which was about 2 m. The duration of 
each measurement was 15 s. The illuminating light was linearly 
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polarized. The direction of illumination was at a small angle 
with the direction of observation provided by the video systems.  
 
Figure 3.4 Experimental setup for recording the blood perfusion in the 
facial area using digital infrared camera and digital monochrome 
camera with subject illumination by pair of LEDs with attached 
polarizers P1. The analyzer P2 was attached to the monochrome 
camera lens. The monochrome camera and the LEDs illuminator were 
powered by computer through the USB ports. 
For video recording of the light reflected from the subject’s 
face we simultaneously used two video systems: a digital 
monochrome camera for blood pulsation imaging and a digital 
infrared camera for thermography imaging. A digital infrared 
camera system (FLIR A315, FLIR Systems Inc., USA) was used 
for IRT imaging. Parameters of the infrared camera system 
during recording were the following: spatial resolution 320 × 240 
pixels, temperature accuracy measurement ± 0.05 °C, and 
temporal resolution 0.11 s. For the blood pulsation imaging (BPI) 
measurements we used a digital monochrome camera (8-bit 
model EO-1312 by Edmund Optics) with camera lens (Canon 
TV-zoom 18 -108).  
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The polarizer was attached to the camera lens. Its 
transmission axis was oriented orthogonal to the polarization 
vector of the illuminating radiation. By using crossed 
polarization we reject the radiation reflected from the skin 
surface-air interface. 
The spatial resolution of recorded video frames was 460 × 640 
pixels with the temporal resolution of 0.1 s which provided 
approximately 7 – 10 recorded frames per cardiac cycle. 
Recording time for both systems was 15 sec for one 
measurement. All measurements were done in an air-
conditioned dark laboratory maintained at a temperature of 22 – 
24 °C and relative humidity of 30 – 50 %, at the same time of the 
day in April – June of the year 2012. In migraineurs, the 
measurements were performed in the headache-free period. 
Eating or drinking during the two hours and significant physical 
activity on the whole day preceding the tests were not allowed. 
The subject spent at least fifteen minutes in the laboratory in 
order to achieve thermo equilibrium and to be prepared for the 
measurements. During the measurements the eyes of each 
subject were covered by a light protecting mask. We used a 
stationary support for the subject’s head (Fig. 3.4) to minimize 
the contribution of motion artifacts to BPI parameters. 
3.2.2 Processing of face video recordings 
All recorded videos from both systems were processed off-
line. The video recordings from monochrome camera were 
processed by using custom software based on the BPI algorithm. 
The details of the data processing are described in the Paper IV. 
Briefly, the BPI is based on synchronous amplification of those 
pixel values in the recorded video frames, which vary in time 
with the current heart- beat rate. A reference function, required 
for the synchronous detection of cardiovascular pulse waves 
was formed from the same images. For each image we 
calculated average pixel values over the whole area of the 
subject’s face. The result of these averaging was raw PPG signal 
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which is modulated in time. Further this raw PPG signal was 
used to generate the complex reference function. The result of 
BPI using sinusoidal reference function is a complex correlation 
matrix which has the same size as the recorded video frames. 
The modulus of each pixel of this matrix represents the 
pulsation amplitude while the argument of the matrix pixels 
value describes the spatial distribution of the blood pulsation 
phase.  
 
Figure 3.5 Examples of the images obtained with the BPI system and 
with the infrared camera: (a) BPA map; (b) BPP map; (c) 2D 
distribution of the skin temperature. (Originally from Paper IV) 
It should be mentioned that the correlation matrixes for all 
subjects under study were calculated after averaging over 15 s to 
increase the signal-to-noise ratio. Examples of the BPA and BPP 
maps together with the thermographic image for one of the 
subjects are shown in Fig. 3.5. 
3.2.3 Results of facial blood perfusion imaging 
For quantitative estimation of the asymmetry in blood 
pulsations distributions over the facial area we used the 
following algorithm. For estimation of the amplitude 
asymmetry we used a map of blood pulsation amplitude [Fig. 
3.5 (a)]. In this map we placed two ROIs in the cheeks areas 
symmetrically to the median of the face. The amplitude 
asymmetry was calculated as the difference in BPA values 
averaged within two chosen ROIs normalized to the mean value 
of BPA within both ROIs. In addition we placed the third ROI in 
the nose area, which allows us to find difference of the 
amplitude of blood pulsation between the nose and cheeks and 
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to compare it with the similar difference in skin temperature 
values measured by the infrared camera [Fig. 3.5 (c)]. The nose-
cheek difference was calculated by subtracting the temperature 
of the nose from the average temperature of the cheeks. The 
results of the nose-cheek difference evaluation among the 
measured subjects are presented in Fig. 3.6. 
 
Figure 3.6 Distribution of the cheek-nose BPI amplitude difference 
among groups of migraine patients (MP) and healthy subjects with 
(FH) and without (HS) family history of migraine as measured by (a): 
the BPI system and (b), infrared thermography (skin temperature). 
(Originally from Paper IV) 
The quantitative evaluation of the BPP of facial blood 
perfusion represents delay in the blood delivery across the 
subject's face. For estimation of the temporal asymmetry we 
used the BPP maps [Fig. 3.5 (b)]. In this case we placed two ROIs 
on the cheeks [black squares in Fig. 3.5 (b)] symmetrically with 
respect to the medial line at the longest possible distance from 
the median but not touching the face’s borders, and calculated 
the difference of mean BP phase within these ROIs. The results 
of the BPA and BPP averaging within the ROIs from Fig. 3.5 (b) 
are shown in Fig. 3.7. 
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Figure 3.7 Distribution of the side-to-side difference in (a) blood 
pulsation amplitudes (BPA) and (b) blood pulsation phases (BPP) 
among groups of migraine patients (MP) and healthy subjects with 
(FH) and without (HS) family history of migraine. (Originally from 
Paper IV) 
Whereas mean values of the amplitude of blood pulsation 
did not differ between the groups, the level of asymmetry in the 
amplitude values shown in Fig. 3.7 (a) was significantly higher 
in women from both MP and FH groups than in the HS group.  
The comparison of the relative pulsation phase difference 
between the subjects groups shown in Fig. 3.7 (b) revealed that 
the smallest asymmetry in the BPP maps was observed in 
women from HS group, while highest phase asymmetry was in 
the MP group. 
The complexity of the correlation matrices obtained by BPI 
from the face video recordings allowed us to generate the video 
animations of the blood pulsations in the subject's face using 
information about pulsation amplitude and phase. In order to 
visualize the dynamics of blood volume pulsations we 
demonstrated these animations as a sequence of 36 frames in 
which the BPA map was calculated for the BPP varying 
sequentially with a step of 10°. The values assigned to the pixel 
of the frames in the animations are in a bipolar scale, i.e. they 
can be positive, negative or zero. Positive values (green in 
animations) represent an increase of the blood volume with 
respect to its average value, while the negative values (magenta 
in animations) show the blood volume decrease. More bright 
green or magenta corresponds to larger variations of the blood 
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volume while the dark is zero value. The animations are 
available for watching in the online version of the Paper IV. 
The obtained results of the BPI in migraine demonstrate, for 
the first time, the asynchronous dynamics of the blood 
pulsations in the right and left sides of the face in migraineurs 
during interictal period, whereas in pulsation dynamics in 
healthy subjects was symmetrical and synchronous. 
Additionally, we showed the asymmetry in the BPA map of face 
in the subjects from MP and FH groups in contrast to healthy 
subjects from HS group.  
We assume that the asymmetry and asynchronicity of blood 
supply observed in the BPA and BPP maps in the facial area is 
related with the dysfunction of the autonomous vascular control 
in the migraineurs' face. These new biomarkers of migraine are 
easily measurable from the video recordings and have the 
potential to be applied in the studies of vascular processes 
accompanying migraine/headache. The findings revealed in this 
migraine study by BPI may further develop our understanding 
of migraine pathophysiology. 
Interestingly, that in the study of the CSD in the rat's cortex 
described in Chapter 3.1 we did not observe serious 
asynchronicity [up to 150° of the phase difference between 
blood pulsations in the left and right sides of the face shown in 
Fig. 3.7(b)] of BPP values between left and right rat's brain 
hemispheres during CSD event. However, high degree of 
asynchronicity was expected from the correlation of the CSD 
and migraine with aura [65]. The correlation of the CSD and 
migraine with aura was described as slow changes of the 
cortical magnetic field, corresponding to the potential changes 
that are produced by the neuronal depolarization in CSD, which 
were observed in patients with migraine with aura [82]. The 
absence of asynchronicity between the hemispheres is explained 
by the fact that the tested animals did not suffer from migraine 
in contrast with migraineurs studied in Paper IV. 
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4 Summary 
The goal of this research is development of new simple and 
reliable method for measuring the dynamics of the physiological 
process of the blood volume pulsations. 
We presented novel, noninvasive, contactless method of 
Blood Pulsation Imaging (BPI) for simultaneous estimation of 
the blood pulsation amplitude (BPA) and relative phase (BPP) 
maps. The blood pulsation mapping was done by applying the 
synchronous detection of the pixels values modulated with the 
heart rate frequency in the video recordings of the subject's 
tissue. The reference function required for synchronous 
detection in BPI was generated from the same video recordings, 
which makes our method fully self-referenced. The theoretical 
basis of the BPI is presented in the Paper I. 
The BPI technique is implemented in a simple optical system 
comprised of two electro-optical elements: light source for 
illumination of the subject's tissue and the photosensitive 2D 
detector array. In the Paper II-III we demonstrated that the BPI 
technique allows quantitative estimation of the spatio-temporal 
distribution of the pulsatile component of the vascular dynamics 
in the live body after each cardiac cycle. 
The results of the blood pulsation mapping of the human 
skin presented in Paper VI, for the first time, demonstrate the 
diversity of the photoplethysmographic (PPG) waveforms 
across the tissue, which was possible due to simultaneous 
mapping of the BPA and BPP done by BPI technique. 
The cortical spreading depression (CSD) was successfully 
detected by our BPI technique. Application of the BPI technique 
to study of CSD induced with high-potassium solution in rat 
cortex allowed us to visualize the novel vascular component of a 
CSD wave. In our study, this wave component propagated in 
the limited part of the cortex along the bow-shaped trajectory in 
sharp contrast with concentric development of CSD measured 
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by concurrently applied optical intrinsic signal (OIS) imaging 
technique. It was associated with a significant increase of the 
blood pulsations amplitude (BPA) and propagated 40% faster 
than OIS signal. Our study presented in Paper V indicates that 
the BPI technique could be used for characterization of the new 
pulsatile vascular component of CSDs in animal models of 
migraine, stroke, and brain trauma. 
The successful discovery of the new migraine biomarkers, 
presented in Paper IV, was possible after BPI of the facial area in 
migraineurs and healthy subjects. We found that in migraineurs 
both BPA and BPP maps have asymmetrical values distribution 
relatively to median of the face, while healthy subjects, in 
contrast, have symmetrical amplitude and relative phase values 
relatively to median. 
This thesis showed our progress in the BPI development 
which is based on the understanding of the complicated process 
of the blood perfusion in the live body. Therefore, the deeper 
understanding of this physiological process will unambiguously 
result in further development and improvement of the BPI 
technique. 
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Victor Teplov
Blood Pulsation Imaging
With every cardiac cycle the blood is 
sent to all the tissues of the live body 
producing changes in the pulsatile blood 
perfusion. These pulsatile changes 
which are associated with a heart beat-
ing contain valuable information about 
the parameters of the vascular blood 
pulsation: the blood pulsation amplitude 
and phase. This thesis is devoted to the 
description of a novel optical technique, 
which we called Blood Pulsation Imag-
ing (BPI). BPI allows evaluating of two-
dimensional maps of the blood pulsation 
amplitude and phase. Thereafter the 
amplitude and phase maps obtained 
by BPI technique serve to evaluate 
the spatial distribution of the pulsatile 
component of the blood perfusion which 
allowed finding new readings of compli-
cated vascular processes in a live body.
d
issertatio
n
s | 167 | V
icto
r T
eplo
v | B
lo
o
d
 P
u
lsa
tio
n
 Im
a
gin
g
Victor Teplov
Blood Pulsation Imaging
